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LINE-1 (L1) retrotransposons constitute the most successful family of retroelements in mammals and account for as much as 20%
of mammalian DNA. L1 elements can be found in all genomic regions but they are far more abundant in AT-rich, gene-poor, and
low-recombining regions of the genome. In addition, the sex chromosomes and some genes seem disproportionately enriched in
L1 elements. Insertion bias and selective processes can both account for this biased distribution of L1 elements. L1 elements do not
appear to insert randomly in the genome and this insertion bias can at least partially explain the genomic distribution of L1. The
contrasted distribution of L1 and Alu elements suggests that postinsertional processes play a major role in shaping L1 distribution.
The most likely mechanism is the loss of recently integrated L1 elements that are deleterious (negative selection) either because of
disruption of gene function or their ability to mediate ectopic recombination. By comparison, the retention of L1 elements because
of some positive eﬀect is limited to a small fraction of the genome. Understanding the respective importance of insertion bias and
selection will require a better knowledge of insertion mechanisms and the dynamics of L1 inserts in populations.
Copyright © 2006 T. Graham and S. Boissinot. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.
INTRODUCTION
The sequencing of several mammalian genomes has revealed
that all are littered with hundreds of thousands copies of
LINE-1 (L1) retrotransposons that account for ∼ 20% of
their mass (Lander et al [1], Waterston et al [2]). The abun-
dance of L1 elements in mammalian genomes is specific of
this class of vertebrates and should be considered a diagnostic
feature of mammals to the same extent the possession of hair
and the production of milk by females are. As L1 elements
are also responsible for the amplification of SINEs (eg, Alu
in primates, B1 and B2 inmouse) and processed pseudogenes
(Esnault et al [3], Dewannieux and Heidmann [4], Dewan-
nieux et al [5]), it is believed that L1 activity may account for
as much as 50% of mammalian DNA.
Although L1 elements can be found almost anywhere
in the genome, their abundance varies considerably among
genomic regions. In general, L1 elements are much more
abundant in AT-rich, low-recombining, and gene-poor re-
gions of the genome. In addition to this general trend, L1
elements can be locally very rare or extremely abundant.
For instance, L1 elements constitute 89% of a 100Kb re-
gion on chromosome X while they are virtually absent from
the homeobox gene clusters (Lander et al [1]). They seem to
be more abundant on the sex chromosomes (Korenberg and
Rykowski [6], Boyle et al [7], Bailey et al [8], Boissinot et
al [9], Parish et al [10]), in genes that are expressed at low
level (Han et al [11]), and in monoallelically expressed genes
(Allen et al [12]). Diﬀerences exist in the distribution of L1
elements with regard to their age and size. Younger L1 ele-
ments are located on average closer to genes than older el-
ements (Medstrand et al [13]) and full-length elements are
more abundant on the sex chromosomes than on autosomes
(Boissinot et al [9]). Althoughmost of the L1 elements found
in the human and mouse genomes were inserted after the
split between primates and rodents, their distributions are
strikingly similar (Lander et al [1], Waterston et al [2]), sug-
gesting that some common mechanisms have shaped L1 dis-
tribution in primates and rodents. Here we review themolec-
ular mechanisms and evolutionary processes that might have
played a role in shaping the genomic distribution of L1 ele-
ments and we evaluate their relative contribution to the bi-
ased distribution of L1 elements.
L1 ELEMENTS ARE NOT INSERTED RANDOMLY
The first possible source of bias comes from the retrotrans-
position process itself. The reaction of the retrotransposition
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requires the target site to be cut by the L1-encoded en-
donuclease. As the consensus target site of L1 endonucle-
ase is TT/AAAA (Jurka [14]), it is plausible that L1 inserts
preferentially in AT-rich regions because this motif is over-
represented in these regions (Cost and Boeke [15]). It was
even suggested that the preference of L1 elements for AT-rich
regions could be an adaptation of L1 to its host because inser-
tion of L1 in gene-poor regions limits the burden of L1 retro-
transposition (Lander et al [1], Cost and Boeke [15]). How-
ever, the majority of L1 insertions sites diﬀer from the in-
sertion site consensus sequence (Jurka [14], Cost and Boeke
[15]) and there is probably no shortage of insertion sites any-
where in the genome. In addition, Alu elements are more
abundant in GC-rich regions of the genome despite the fact
that they have the same consensus target site-as L1 elements
(Jurka [14]). Although it is likely that the target-site prefer-
ence of L1 endonuclease is, at least in part, responsible for the
distribution bias of L1, this hypothesis has not been tested
rigorously.
Beside the possible bias caused by the L1 endonuclease,
the analysis of de novo insertions and of recently integrated
elements revealed the presence of insertional hotspots in the
human genome. Of 14 de novo disease-causing insertions
listed in Ostertag and Kazazian [16], three were in the factor
VIII gene, four in the dystrophin gene, and two in the CYBB
gene. Another set of genes was the target of multiple L1 and
L1-mediated (Alu, SVA) insertions: an L1 and two Alu ele-
ments inserted in the factor IX gene, and an Alu and an SVA
inserted in the BTK gene. A novel L1 insertion in the fac-
tor IX of dog has recently been described (Brooks et al [17])
and two L1 insertions occurred recently and independently
in human and gorilla within the same 1Kb region (DeBer-
ardinis and Kazazian [18]). In addition, a recent analysis of
the currently amplifying Ta-1 family found that a number of
recently integrated Ta-1 elements were clustered in the hu-
man genome more often than expected by chance suggesting
the existence of insertional hotspots on several autosomes
(Boissinot et al [19]). Together these observations indicate
that some genomic regions are more likely to be the target
of L1 retrotransposition events than others, and suggest that
insertional hotspots may be conserved among mammalian
species. It is unclear why some genomic regions are inser-
tional hotspots but it is plausible that the transcriptional sta-
tus of the target site region plays a role. If the structure of the
DNA is modified during transcription in a way that makes
it more hospitable for L1 retrotransposition, transcription-
ally active regions would undergo a higher number of trans-
position events. This hypothesis requires further investiga-
tions with regard to some identified hotspots (Boissinot et
al [19]). While some of these hotspots were in the vicinity
of genes expressed in gonads and during early embryogen-
esis (Boissinot, Entezam, and Furano, unpublished observa-
tion), a genome-wide analysis of genes that are transcribed
in testes failed to find a significant excess of L1 elements in
those genes (Graham and Boissinot, unpublished observa-
tion). A recent analysis of L1 retrotransposition in neuronal
precursor cells showed that a number of de novo L1 inser-
tions were in neuronally expressed genes lending support for
some relationship between the transcriptional activity of a
gene and its hospitability to novel L1 insertions (Muotri et
al [20]). Because insertional hotspots are not particularly en-
riched in old L1 elements, their contribution to the biased
distribution of L1 remains unclear but they could very well
explain the local abundance of elements in certain genes.
The abundance of recent L1 insertions varies significantly
among chromosomes, with chromosomes 4 and X appar-
ently being prone to L1 insertions. A significantly larger
number of Ta-1 insertions were found on chromosome 4
than on other autosomes, not only because chromosome 4 is
relatively gene-poor, but also because it contains several de-
tectable insertional hotspots (Boissinot et al [19]). Eleven of
the 14 disease-causing insertion sites mentioned above are on
the X chromosome (Ostertag and Kazazian [16]). Although
X-linked deleterious mutations are in general more likely to
be apparent because ofmale hemizygosity, this bias is not suf-
ficiently strong to account for the high frequency of disease-
causing L1 insertions on the X. Therefore, it seems that the
X chromosome is unusually prone to novel L1 insertions, al-
though an analysis of the Ta-1 family did not reveal an excess
of recent L1 insertions on the X (Boissinot et al [19]). What-
ever the cause of the insertion bias, it is possible that inser-
tion bias is, at least in part, responsible for the abundance of
L1 elements on chromosomes X and 4.
NEGATIVE SELECTION ELIMINATES
DELETERIOUS L1 ELEMENTS
In general, L1 insertions (like most genetic changes) are
much more likely to be deleterious or neutral than favor-
able. An L1-containing allele is considered deleterious when
it decreases the fitness of the individual that carries it either
by reducing its survival or its reproductive success. As selec-
tion against deleterious allele will act as soon as the novel
L1-containing allele is produced by retrotransposition, it is
unlikely that such deleterious alleles reach high frequencies
in populations. In most cases, they will be lost rapidly from
populations and will never (or rarely) be observed.
L1 elements have the potential to disrupt the function of
host genes in many ways. First, a novel L1 insertion in the
coding sequence of a gene would most likely inactivate the
protein-coding function of the gene, as exemplified by inser-
tions in exons of the factor VIII gene and in the dystrophin
gene (Kazazian et al [21], Narita et al [22]). L1 elements in-
serted in intronic sequences can also have a deleterious ef-
fect by introducing splice sites (Schwahn et al [23], Meischl
et al [24]) and polyadenylation signals (Perepelitsa-Belancio
and Deininger [25]), or by negatively aﬀecting gene tran-
scription (Han et al [11]). If inserted upstream of genes, L1
elements can also aﬀect their regulation by disrupting reg-
ulatory sequences or by inserting their own regulatory se-
quence such as their sense or antisense internal promoters.
Thus, L1 elements are significantly more abundant down-
stream of genes than upstream (Graham and Boissinot, un-
published observation). Finally, it has recently been demon-
strated in a cell-culture assay that L1 retrotransposition can
cause large (> 3Kb) genomic deletions (Gilbert et al [26],
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Symer et al [27]). Such events would certainly be extremely
deleterious if it occurred in a gene-rich region, but ge-
nomic deletions caused by L1 retrotransposition are, in gen-
eral, small (< 500 bp) and relatively rare (Myers et al [28])
as they account for the total loss of only 18Kb since the
human-chimpanzee split (Han et al [29]). All the possible
eﬀects L1 elements can have on gene function would likely
cause their selective loss from gene-rich regions.
The abundance of L1 sequences across the genome gives
them the potential to be eﬃcient mediator of ectopic (ie,
nonallelic) recombination. Such events lead to chromosomal
rearrangements that are, in general, very deleterious (Bur-
winkel and Kilimann [30], Segal et al [31]), although some
have played an important role in genomic evolution (Fitch
et al [32]). If we assume that the frequency of ectopic ex-
change correlates with the recombination rate, then we ex-
pect L1 elements to be more deleterious when they reside in
highly recombining regions and therefore eliminated by neg-
ative selection. Because longer L1 elements are more likely to
mediate ectopic recombination, this model of selection pre-
dicts a negative correlation between the length of L1 elements
and the recombination rate of the genomic region where they
reside. Indeed, long elements accumulate in low- and non-
recombining regions of the genome (Boissinot et al [9]; Song
and Boissinot, unpublished data) and are lacking from re-
combination hotspots (Myers et al [33]). Thus, the negative
eﬀect of ectopic recombination may cause the selective loss
of L1 elements from highly-recombining regions and there-
fore their accumulation in low recombining regions, which
are typically AT-rich and gene-poor.
POSITIVE SELECTION IN FAVOR OF L1 ELEMENTS
Since L1 elements have been described, scientists have won-
dered which benefit for its host L1 could have. So far, there
is absolutely no evidence that L1 could have any useful func-
tion for its host. However, recent evidence suggests that in a
few cases, L1 sequences may have been coopted by the host
for its own benefit. Note that the occasional recruitment of
L1 sequences does not imply a function for L1. In some rare
cases, ready-to-use motifs contained within the L1 sequence
seem to have been retained by the host (Makalowski [34],
Kazazian [35]). For instance, the 5′ UTR of modern L1 el-
ements contain sense and antisense promoters which have
occasionally been recruited as regulators of the transcrip-
tion of host genes (Yang et al [36], Speek [37], Nigumann et
al [38]), and fragments of L1 sequences have been incorpo-
rated within protein-coding sequences (Nekrutenko and Li
[39]). However, the number of described cases of cooptation
is very small and this mechanism has no significant eﬀect on
the overall distribution of L1. In addition, one should always
keep inmind that the retention of an L1 element aﬀecting the
expression or sequence of a gene does not imply that this el-
ement was positively selected (ie, improved the fitness of the
host); it might as well have been neutral.
Although positive selection in favor of L1 inserts is un-
likely to have aﬀected the overall genomic distribution of L1
(ie, the bias toward AT-rich regions), it is possible that the
recruitment of L1 sequences in some regions could result
in a local enrichment of L1. It has been proposed that L1
may aﬀect the expression pattern of entire genomic regions
or chromosomes and that this eﬀect could be suﬃciently
strong to positively aﬀect the abundance of L1 in these re-
gions. The idea is that L1 elements would act as “boosters”
that promote the expansion of heterochromatin and conse-
quently repress the transcription of genes. This hypothesis
has been proposed to explain the spread of X-inactivation
along the entire X chromosome (ie, the Lyon hypothesis)
(Lyon [40]). Evidence for this role includes the strong en-
richment for L1 elements near the X-inactivation center on
the X chromosome (Bailey et al [8]) and the observation
of X: autosome translocations, showing that the failure of
the X-inactivation signal to spread is often correlated with
the abundance of L1 elements. In addition, genes that es-
cape X-inactivation are located in regions with a lower abun-
dance of L1 (Bailey et al [8]). The Lyon hypothesis would
explain the abundance of L1 elements on the X chromo-
somes in several mammalian species, although there are im-
portant variations in the abundance of L1 elements near the
X-inactivation center (Chureau et al [41]) suggesting that the
evolution of X-inactivation predates the recruitment of L1
elements as boosters. The hypothesis that L1 elements can
promote the inactivation of one copy of a gene is also sup-
ported by the evidence that monoallelically expressed genes
are located in regions of the genome that are enriched in L1
elements (Allen et al [12]). Another way L1 elements can af-
fect the expression of genes comes from the ability of L1 el-
ements to reduce the amount of transcript produced when
they are inserted in an intron (Han et al [11]). This obser-
vation led to the suggestion that intronic L1 elements con-
tribute to the fine tuning of gene expression (the Rheostat
hypothesis) and may account for some of the diﬀerences in
L1 abundance among genes (Han et al [11], Han and Boeke
[42]). A negative correlation between the expression of genes
and the abundance of L1 in their introns has recently been re-
ported (Han et al [11]). Because the same observation could
equally indicate that low-expressed genes are just more per-
missive to the presence of L1 in their introns than highly ex-
pressed genes, more data are needed to validate the rheostat
hypothesis.
L1 elements may also be retained in the genome because
they can reduce linkage between genes and therefore increase
the eﬃciency of selection. In a region of low recombina-
tion, many weakly selected mutations can interfere with each
other, therefore limiting the eﬀect of selection due to tight
linkage between loci. The insertion of L1 elements can mit-
igate this interference by simply increasing the distance be-
tween loci (Comeron [43]). Though this idea has not been
tested so far, it has been proposed as a general mechanism
to explain the length of introns and the amount of noncod-
ing DNA in genomes (Comeron [43]). A prediction of this
model is that longer introns and a higher proportion of non-
coding DNA (including L1) will be favored in regions of low
recombination.
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CONCLUSION
L1 distribution is aﬀected by a number of factors that act
at the time of insertion or after the element is inserted. The
main diﬃculty in determining the relative importance of in-
sertion bias and selection is twofold. First, diﬀerent mecha-
nisms (ie, insertion bias and the diﬀerent types of selection)
can have the same eﬀect on L1 distribution, and the same
observation can be explained by radically diﬀerent mecha-
nisms. For instance, the abundance of L1 elements on the X
chromosome can be explained by a bias of insertion, a re-
duced eﬃciency of negative selection, or the recruitment of
L1 elements as mediator of X-inactivation. Second, genomic
parameters such as GC content, gene richness, and recombi-
nation rate are not independent, and using correlations be-
tween any of these parameters and the abundance of L1 is un-
likely to provide a clear explanation for the distribution bias
of L1. Indeed, many of the mechanisms discussed in this re-
view were inferred from the analysis of L1 distribution, that
is, from the data they were trying to explain, and have not
been tested rigorously. To fully understand the genomic dis-
tribution of L1 elements, a better knowledge of themolecular
mechanism of insertion and the dynamics of L1 elements in
natural populations will be necessary.
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